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Abstract

The acute health and environment effects of soot emissions are well recognized. Most importantly,

soot particulate matters have been strongly associated with pulmonary and cardiovascular diseases

due to their small size (< 2.5 µm). Wide spread experimental and computational efforts are ongo-

ing in an attempt to gain deeper understanding of soot formation processes. However, information

about soot formation mechanisms in practical combustion conditions remains limited, especially

under conditions of elevated pressures and relatively low temperatures (around 1200 K). Moreover,

previously proposed principles of soot nucleation and growth need experimental evidence for their

firm establishment. In fact, validation of predictive models of soot formation requires reliable ex-

perimental data that the model prediction can be tested against.

In light of these requirements in combustion and soot research, the present study undertakes an

experimental investigation of soot formation from fuel pyrolysis in a micro-flow tube reactor. Soot

formation is monitored by tracking the evolution of particle size distributions under different ex-

perimental conditions using a high resolution Scanning Mobility Particle Sizer comprising of TSI

3080 nano-DMA and TSI 3788 nano-Water based CPC. An analysis of soot particle size distribu-

tions so obtained provides critical information about the various processes involved in soot formation.

The objectives of this study are mainly two fold. The first objective of this study to to obtain

experimental training data set for soot formation under elevated pressure conditions. The second

objective of this study is to experimentally verify the role of acetylene in soot formation, particu-

larly the importance of hydrogen abstraction/carbon addition (HACA) mechanism in soot surface

growths. Accordingly, the first part studies soot formation during the pyrolysis of 2% ethylene in

98% inert N2 bath at 1200 K under elevated pressure conditions (2.5 atm - 2.8 atm) in a novel

micro-flow tube reactor with 231 µm orifice (corresponding to 240 ms residence time) at the reactor

exit. The orifice allows choked flow conditions, and hence allows us to realize constant elevated

pressure conditions. Analysis of soot formation over this range of pressures showed that increasing

pressures resulted in an apparent increase in the density of soot precursor, which is evident from the

increase in total soot number density (this indicates the formation of more soot nuclei). As a conse-

quence of strengthened soot nucleation rates, soot mean particle size undergoes a noticeable increase.

The second part of this study examines the effect of acetylene on soot formation during ethylene py-

rolysis. Hence this study aims to identify the role of acetylene as a soot precursor, as well as validate

the well-known hydrogen-abstraction/carbon-addition (HACA) mechanism for soot growth. These

experiments involve the pyrolysis of ethylene doped with small amount of acetylene in a micro-flow

straight tube reactor at different temperatures (1210 K - 1230 K) and residence times (215 ms -315

ms). The molar ratio of ethylene/acetylene was maintained at 6. The reactant composition was 4%

fuel mix in 96% N2 bath. Soot particle size distributions were compared with those obtained from

baseline ethylene pyrolysis (4% pure ethylene in 96% N2 bath). Soot number density, mean diameter

and total volume fraction showed a significant increase as a result of acetylene doping. The results

clearly demonstrate the crucial role of acetylene in soot inception as well as soot growth resulting
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in an increase in soot sizes. This correlation between acetylene doping and formation of more soot

nuclei (evinced by the higher number density), and larger soot particles (as proved by larger mean

diameter and higher soot volume fraction) lends credence to the assessment that acetylene is an

important soot precursor, and HACA mechanism is the dominant soot growth pathway.

This study is a valuable preliminary work towards the establishment of a consistent and experimen-

tally verified soot formation theory.
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Chapter 1

Introduction

Soot formation and emission is a well-recognized problem associated with combustion processes.

Combustion of hydrocarbon under stoichiometric conditions yields carbon dioxide and water va-

por. Stoichiometric combustion is ideal because it is accompanied by maximum heat generation.

However most practical combustion systems are characterized by local non-idealities. If the local

oxygen concentration in a combustion system is less than stoichiometric amounts, then incomplete

combustion takes place, which results in formation of molecules like carbon monoxides, hydrogen

and other hydrocarbons and ultimately soot. Deposition of soot on combustion system severely af-

fects its performance. This is especially problematic in regenerative cooling systems. In regenerative

cooling methods, the endothermic process of thermally induced fuel cracking is used to reduce the

heat load of combustion chamber walls. Under such pyrolytic conditions, a substantial amount of

PAH (polycyclic aromatic hydrocarbon) and hence, soot is formed. Deposition of soot in the cooling

channel inhibits efficient heat transfer. It may also cause problems downstream by clogging the

injectors and obstruction the atomization process[8, 9].

Besides hindering the efficiency of combustion systems, soot formation results from the initial forma-

tion of certain classes of hydrocarbons (polycyclic aromatic hydrocarbons or PAH) that are known to

have carcinogenic and mutagenic properties. It has been shown that these PAH not only contribute

to the formation of soot, but also deposit on soot surfaces, thus traveling with soot particles. Soot

is an especially dangerous pollutant because of its small size. Fine particulate matter is defined

as any particle of aerodynamic diameter less than 2.5µm. Studies have categorically established

the relation between fine particulate matter (dominantly soot) and respiratory illness like asthma,

bronchitis, reduced lung function, etc. In fact long term exposure to such particulate matter has

been shown to cause lung cancer [8]. Additionally, soot particle size controls its residence time in

the atmosphere. Particle sizes with aerodynamic diameter in the range of 0.1 − 10µm have the

longest residence times (up to a week) [9], thus increasing the exposure time to polycyclic aromatic

hydrocarbons that have detrimental health effects. Environmental effects of soot particulate matter

includes reduced visibility, which is affected by soot shape, size and morphology [10].

Clearly, size of soot particles is an important aspect with regards to environmental and health
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considerations. Moreover, it is agreed that information about soot size is crucial for development

and validation of soot formation mechanism [11, 12, 13], which in turn is essential for designing

effective soot abatement strategies. As a result, soot formation in combustion systems has been

widely studied through experimental and computational means, over the past several decades.

1.1 Literature Review

Extensive experimental and computational studies have afforded a great deal of understanding about

soot evolution and the associated mechanism. Due to the large body of available literature, the

review has been conducted in two parts. The first part involves a review of the experimental studies

while the second part discusses the advancement in computational modeling of soot formation.

1.1.1 Experimental Studies

There have been numerous experimental studies on soot formation in varied reactor configurations.

The most common reactor configurations are burner stabilized flames (both diffusion flames and

premixed flames) and shock wave tube reactor. The widespread use of burner stabilized laminar

flames in laboratory studies may be attributed to the fact that they provide time invariant, laminar,

1-dimensional flow (radial uniformity is assumed in burner stabilized flames) that allow convenient

diagnostics along the axis [14, 15, 16]. However, flame stability becomes an issue under varied reac-

tion conditions. Shockwave reactors are another commonly used experimental platform. Shock tubes

are ideal adiabatic reactors that are suitable for maintaining nearly uniform operating conditions

(temperature and pressure) and near plug flow conditions [17]. Shock tubes offer the advantage of

conducting parametric studies by maintaining precise operating conditions that can be separately

controlled [18]. Another incentive for obtaining training data from shock tube experiments lies in its

clean boundary conditions that are amenable for numerical modeling. Shock tubes allow the instan-

taneous realization of high temperatures and pressures that characterize more practical combustion

systems [19, 20]. Consequently, one of the major limitations of shock tubes is the short residence

times (of the order of milliseconds) of the reactions. It is crucial to point out that diffusion flames

vary fundamentally from premixed flames. While diffusion flames are apt for simulating the rich

pyrolysis region associated with soot generation, yet, unlike premixed flames and shock tube exper-

iments that allow more easily controlled experiments, diffusion flames are inherently characterized

by time variant reaction conditions like temperature [21]. Additionally, diffusion flames are different

from shock tubes in that they have much longer residence times [21]. Besides shock tube and flame

studies, laminar flow reactors have recently gained popularity [22, 23, 6] as a standard set-up for

combustion experiments and soot studies; and have been chosen as the reactor set up for the present

investigation.

These experiments have routinely studied soot formation resulting from simpler aliphatics like

methane, ethane, ethylene, propene and butene, as these are important intermediates formed during

oxidation and pyrolysis of larger alkanes (that comprise jet fuel mixtures). Moreover, olefin interme-

diates are the key species involved in the eventual formation of soot precursors. In particular, soot
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formation during ethylene combustion has received wide attention due to its comparatively greater

stability at high temperatures. The dominant soot investigation methods can be broadly classified

into two categories. The first approach involves identifying chemical species formed during different

reaction stages leading up to soot formation. The second strategy for studying soot focuses on de-

termining soot properties. The motivation behind the first approach is to utilize measured species

profile for predicting possible reaction pathways leading to soot formation. To this end, several

experimental studies involving various fuels/fuel blends at different equivalence ratio, temperature

and pressure conditions have been reported in literature [22, 24, 25]. Chemical species characteri-

zation is done using gas chromatography, mass spectrometry or molecular-beam mass spectrometry

(MBMS) [26]. These experimental insights along with extensive modeling and computational efforts

have contributed significantly to the present understanding of soot formation mechanism. The exact

mechanism of soot precursor formation leading to soot inception and growth is detailed in the next

section.

Parallel to the chemical kinetic studies of soot formation, quantitative studies characterizing soot

physical properties have also been reported. Quantitative measurements of soot like volume fraction,

particle size and number densities are critical properties contributing to the carcinogenic nature of

soot. Additionally, soot measurement data is imperative for development and validation of soot

formation models. For instance, information about soot number density, surface area, and particle

size are important for understanding soot nucleation, growth and coagulation processes. Optical di-

agnostic techniques comprise the principal tools utilized for measuring soot particle properties (size

and volume fraction). Optical methods include the classical laser scattering/extinction techniques

(LS/E) and more recently laser induced incandescence (LII). In laser scattering and extinction, soot

properties are calculated based on the Rayleigh theory for isotropic spheres with diameters much

smaller than the laser wavelength. The choice of detection wavelength is critical. Soot volume

fraction fv can be deduced from extinction measurements if the soot refractive index is known.

Additionally, soot volume diameter may be evaluated using scattering measurements. However, the

assumptions of this theory are more valid in the early stages of soot inception than in later stages

when the individual soot particles tend to form aggregates. Extinction is determined over a finite

path length, which requires local spatial resolution or spatial uniformity, or a mathematical method

for inversion of path-integrated extinction [14]. These drawbacks severely limit the use of LS/E in

varied experimental conditions to obtain all soot related information.

The more recently developed laser induced incandescence (LII) is the more preferable optical method

for quantitative measurements of soot volume fraction because of its conceptual simplicity and ease

of implementation to obtain spatially and temporally resolved measurements [27]. LII technique

involves the detection of thermal radiation from soot particles that have been heated to vaporization

temperatures using high energy pulsed laser [28]. Several studies have demonstrated that the LII

signal is approximately proportional to the soot volume fraction [29]. Moreover, the time-resolved

LII signal has been shown to be a measure of the particle size [28]. A large particle diameter

corresponds to lower cooling rate and hence a slower decay of the LII signal. A comparison of exper-

imental decay curves with theoretically calculated curves could be used for particle size evaluation
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[30]. However, this theory is limited by the uncertainties associated with the influence of inaccurate

flame temperature on the evaluated particle size, since the cooling process is strongly dependent on

the flame temperature.

In-situ optical diagnostic techniques are unsuitable for gaining reliable particle morphology and size

information because of the inherent oversimplification in the optical theory, that loses applicabil-

ity in case of soot aggregates. Spatially and temporally resolved data of particle size distribution

(PSD) evolution, especially in the range of 1 − 10nm, is crucial to correctly predict and validate

soot inception and growth mechanisms [31]. Hence, in-situ optical techniques, that are mainly good

for soot volume fraction measurements, are usually combined with thermophoretic sampling for size

measurement using TEM [32]. Thermophoretic sampling and subsequent morphology analysis using

transmission electron microscopy imaging is fundamental to accurately model soot cooling for LII

data analysis [33]. By itself, TS/TEM, is insufficient because it cannot provide information about

local particle concentration. Also, the ex-situ nature of this technique, and the time consuming sam-

pling and analysis makes TS/TEM unattractive. Thermophoretic sampling and analysis by TEM

imaging is primarily useful for studying soot morphology. Studies using TS/TEM have provided

substantial understanding of soot aggregate morphology and its fractal properties, especially the

degree of carbonization or crystallite growth of soot [34, 35]. This experimental method involves

rapid insertion of a small colder probe into a desired flame location to thermophoretically collect

soot (soot depositin due to existence of temperature gradient) and subsequent analysis of particles

deposited onto the grid under a transmission electron microscope (TEM) [36]. The advantage of

this method is that no prior knowledge of particle bulk density and refractive index is required.

Other similar studies employing thermophoretic sampling of soot and subsequent analysis using

AFM (atomic force microscopy) have been reported as well.

Recently, Scanning Mobility Particle Sizer (SMPS) has received considerable attention as a potential

ex-situ soot measurement tool [37, 38, 39], and has been used for soot measurement in this study.

Studies employing SMPS to follow soot evolution have been conducted mostly in flame environments

[37, 40, 41, 42, 43] although, a few studies using flow reactors have been reported as well [44, 45].

The primary advantage in using SMPS as a diagnostic tool is rooted in its ability to probe particles

smaller than 10nm, which is not possible with optical diagnostic techniques, mainly due to lack of

reliable optical properties of newly incepted soot. Besides the ambiguity in soot optical properties,

light scattering/extinction techniques are also accompanied by loss of smaller particles with the

formation of larger soot particles. Another limitation of LS/E and LII techniques is that these only

provide reliable soot volume fraction information, which by itself is insufficient to understand soot

growth and destruction processes [38]. A growing interest in soot particle size measurement using

SMPS has resulted in the development and optimization of probe sampling techniques. A detailed

discussion of this is provided in subsequent sections.

Another powerful diagnostic tool that has found use in in-situ soot size distribution measurements is

Small-angle Neutron/X-ray scattering [46, 47, 48]. In fact, a combined use of aerosol mass spectrom-

etry techniques and Small Angle Neutron/X-Ray Scattering facilitates simultaneous investigation
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of soot particle size distribution evolution and its chemical composition [49]. These recent ad-

vancements in soot measurement techniques allow an in-depth investigation of soot inception and

mass growth processes, thus providing detailed experimental data required for advanced numerical

solutions of soot formation dynamics.

1.1.2 Modeling Studies

Detailed modeling of fuel pyrolysis and soot formation has been an area of active research. For-

mation of soot is a highly complex process. However, a substantial amount of experimental work

in conjunction with computational studies has advanced the general understanding soot formation

process. The most popular soot formation theory was proposed by Frenklach et al [50], and is

summarized here. Soot formation process may be conceptually viewed as comprising of two ma-

jor components- gas phase chemistry leading to soot inception, and soot particle dynamics. Gas

phase chemistry provides the connection between fuel combustion and appearance of incipient soot,

whereas soot particle dynamics involves the growth/consumption of soot particles via surface reac-

tion, and particle coagulation as described by aerosol theory. Figure 1.1 gives a simplified overview

of the main steps involved in soot formation. It is intuitive that an accurate prediction of soot evolu-

Figure 1.1: Steps involved in soot formation [1]

tion necessitates a detailed description of the fuel breakdown path (and hence gas phase chemistry)
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leading to gas-phase PAH formation [51]. Soot inception involves the formation of first aromatic

ring, its subsequent growth via surface reactions to a prescribed size and finally the coagulation of

PAH molecules leading to soot nucleation. Consequently, the formation of the first aromatic ring

is often perceived as the rate-limiting step in soot nucleation [52]. Although, the kinetic pathway

leading to the formation of first aromatic ring from smaller aliphatics varies depending on the parent

fuel, yet experimental evidence show that some dominant steps are common to most fuel pyrolysis.

Researchers concur that C2H2 is the principal component for reaction pathway of PAH formation

from smaller aliphatics [53]. This idea was initially suggested by Berthelot [12] and has since then

gained wide acceptance. Experimental characterizations of flames/shock tube pyrolysis products

have shown that acetylene and diacetylene are the major species in sooting flames, that is, soot

formation occurs in environments rich in acetylene. In fact, Frenklach showed that the following

reaction,

C3H3 + C2H2 → c− C3H5

[54] is a potential pathway for the initial ring formation. Thermodynamic equilibrium analysis

shows that this reaction plays the dominant role in the formation of first aromatic ring for most

fuels. Although acetylene is widely accepted as the key soot precursor, and is the premise of this

study, polyenes have also received attention as possible gas soot precursor. Krestinin proposed that

polyenes should be the dominant soot precursors by citing their fast growth through simple reac-

tions, and the high reactivity of polyenes in polymerization reactions [55].

Once the first aromatic ring forms, planar growth of the aromatic ring to larger PAH progresses

through the well-known Hydrogen Abstraction/Carbon Addition (HACA) mechanism, and PAH

coalescence. In the presence of oxygen containing species, mainly OH, depletion of aromatic species

occurs, which in turn delays nucleation [56]. However, Frenklach identified that relatively small

quantities of molecular oxygen in high-temperature pyrolytic environments may, in fact, promote

soot formation by creating radical pool (especially H atoms). Evidently, the chemistry involved in

soot formation in premixed flame is fundamentally different from that in diffusion flames because,

in the former scenario, soot precursor formation through fuel decomposition is in direct competi-

tion with oxidative attack on precursors. Soot formation rates in premixed flames are reduced with

increasing flame temperature as a result of the dominant the oxidative attack on precursors. This

is in contrast to diffusion flames where increasing flame temperatures promote soot formation rates

through increased pyrolysis rates [57].

Nucleation, which is defined as the transition of gas-phase species to solid particles, occurs after

the PAH molecules have grown to a prescribed size. The popular opinion is that soot nucleation is

invoked by the irreversible dimerization of 4-membered PAH- pyrene [58, 59, 60]. Hence, pyrene is

deemed as the soot precursor. Molecular dynamic simulations and experimental results have con-

firmed that the pyrene coalescence is an adequate explanation for the initial step for soot inception.

Akin to the growth of PAH, newly nucleated soot particles grow in size and accumulate mass by

surface growth via Hydrogen Abstraction/Carbon Addition (HACA) mechanism [61, 62]. This too

6



has been proved through numerous experimental studies that show surface growth in environments

of acetylene abundance [56, 63]. Findings by several researchers using different flame conditions are

consistent with HACA pathway for soot surface growth. Offsetting surface growth is oxidation of

soot particles, which occurs predominantly by O2 molecules and OH radicals [64]. It is worth point-

ing out that gas phase kinetics is pertinent to accurate soot nucleation and soot growth predictions,

because it provides the species that define these processes.

Particle coagulation falls under the category of coalescent growth and hence, aerosol dynamics the-

ory is used to analyze this phenomena. Coagulation dynamics is described by the Smoluchowski

equations [65], wherein the ratio of the mean free path to the particle radius is the vital factor.

Hence, coagulation is a function of pressure. Free molecular regime is used to describe coagulation

at low pressure, while at high pressure, the continuum region is a more valid approximation. Unlike

surface growth and oxidation, coagulation does not affect carbon mass accumulation [54, 66]. Soot

coagulation is characterized by a simultaneous increase in mean particle size, and a reduction in

particle number density of soot. In terms of the observed soot particle size distributions (PSDs),

the overall effect of different components of soot formation process may be summarized as follows-

gas phase kinetics control nucleation, and hence the number of incipient soot particles, coagulation

affects the evolution of particle number density; the bulk mass accumulated in soot is determined

primarily by surface reactions, growth and oxidation, and the ultimate soot size is affected by com-

peting surface reactions and coagulation [50].

In this context, it is relevant to mention that the soot particle size distributions (PSD) obtained

from burner stabilized flames and flow reactors are qualitatively different. PSD obtained from burner

stabilized flames are consistently bimodal [41, 56, 67], whereas soot generated in laminar flow reactors

are reported to be unimodal [6]. However, bimodality of soot obtained from flames were shown to

be sensitive to temperature and height above the burner. In particular, higher temperatures favored

unimodality. Additionally, at lower heights (from the burner) soot PSDF is unimodal as a result of

particle nucleation. Bimodaliy has been explained to be a direct consequence of competing nucleation

and soot surface growth mechanisms. It has also been argued that bimodality in heavier sooting

flames arises from competition between surface mass growth and particle-particle coagulation [68].

It is clear that soot particle size distribution is very sensitive to reaction conditions, and are capable

of conveying critical information about the active soot formation processes.
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Chapter 2

Motivation

Recently, our group used a nano-SMPS to study evolution of soot particle size distribution (PSD)

during ethylene pyrolysis and oxidation in a novel reactor under atmospheric pressure conditions,

and temperatures ranging from 1100K-1200K [6]. The present work aims to further the understand-

ing of soot formation processes in flow reactors by investigating the influence of operating conditions

like pressure and temperature; as well as identifying the role of principal soot precursors like acety-

lene. Primarily, the objectives of this study are two-fold -

1. The first part of this study focuses on exploring the influence of pressure on soot formation

during ethylene pyrolysis

2. The second part of this study aims to characterize the effect of acetylene in soot formation

mechanism. To this end, experiments involving ethylene doped with acetylene pyrolysis were

conducted, and the resulting soot particle size distribution was studied.

2.1 Effect of Pressure

Soot formation in combustion systems is influenced by several parameters. While there is sufficient

information available on the effect of parameters like temperature and fuel molecular structure, not

much is known about the true effect of pressure on sooting behavior of fuels. Even though practi-

cal combustion devices like gas turbine combustors operate at elevated pressures, pressure related

information is severely limited.

As has been the trend in other combustion studies, the available investigations of pressure effects

on soot formation are conducted mostly in laminar flames and shock tubes [69, 70, 71, 72, 73]. This

is mainly because of their ability to provide easily controllable experimental conditions, which allow

the investigator to isolate the influential parameters. Experimental efforts using laminar flames to

study the influence of pressure have been limited because of problems with flame stability, flame

narrowing and high soot loading at higher pressures. Smith and coworkers were among the first in-

vestigators who studied soot formation in laminar counter-flow flames at elevated pressure [74]. They
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found that sooting tendency of a particular flame (that is a particular fuel) depends on pressure,

and suggested the existence of a critical pressure above which non-sooting flames become sooting.

Studies since then, mainly involving co-flow flames, have consistently found comparable results for

flames of different fuels. Most of these studies use soot volume fraction and carbon conversion as

the measure of sooting tendencies [75, 76]. Additionally, these studies conclude that pressure has a

significant effect on the characteristics of co-flow diffusion flames, particularly on flame structure and

soot concentrations. An increase in pressure causes flames to become narrower and curved inwards.

Flame narrowing itself enhances soot formation. Due to the combined effect of flame narrowing and

reaction kinetics, non-sooting flames at atmospheric pressure can transform into sooting flames at

higher pressures [21].

Problems with high-pressure combustion experiments are not restricted to experimental design,

conventional diagnostic techniques like LII are rendered inaccurate under these conditions due to

the uncertainty of heat transfer model at higher pressure [77, 21, 78]. Combustion under elevated

pressures often results in heavily sooting and smoking flames. Under such conditions, scattering and

absorption by soot particles may affect LII signals [79]. In light of the aforementioned limitations

surrounding experimental measurement of soot at elevated pressures, this study aims to develop a

laminar flow reactor with varying orifice diameter for studying pressure effects on soot formation.

Online sampling with SMPS is used to obtain soot particle size distributions. This experimental set

up offers a promising technique for studying soot formation under elevated pressure and relatively

low temperatures (around 1200K), which corresponds to supercritical endothermic fuel cracking.

2.2 Effect of Acetylene on Soot formation during Ethylene

Pyrolysis

Several studies have examined the effect of aromatics and oxidants on soot formation processes by

doping ethylene or acetylene flames with small amounts of benzene [80], methanol, toluene, etc

[81, 23, 82]. The idea behind such experimental investigations is to acquire consequential data that

can be used to extract information about soot chemistry and the related species. These experiments

have succeeded in providing valuable information about the relevant soot oxidation pathways, role

of aromatic rings in PAH formation, and in determining the relative importance of proposed soot

formation mechanisms involving these species. The second part of this study was undertaken to

investigate the role of acetylene in soot inception and growth through HACA mechanism [83]. Be-

sides validating soot formation models, use of acetylene as a dopant is also motivated by the fact

that acetylene and ethylene have been found to be among the major intermediates formed from

oxidation and pyrolysis of hydrocarbon fuels [84]. In order to identify the influence of acetylene, two

phases of experiments were conducted. First study involved the pyrolysis cases of acetylene-doped

ethylene (acetylene formed 14% of total fuel mix), the second phase studied the soot formation from

pyrolysis of pure ethylene. These studies are carried out in a micro-flow straight tube reactor at at-

mospheric pressure. A comparison of sooting tendencies of acetylene-doped ethylene pyrolysis cases

with baseline ethylene pyrolysis cases will shed light on the importance of acetylene as the principal
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species for soot formation and growth. Such comparison will be useful in capturing the impact of

acetylene on soot formation processes like nucleation and growth. By quantifying this difference,

relative importance of acetylene can be established.
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Chapter 3

Experimental Set-Up

This study consists of two separate experimental setups, one for elevated pressure pyrolysis exper-

iments, and the other for atmospheric pyrolysis of acetylene doped ethylene. A micro-flow straight

tube reactor with a converging-diverging section was used for the elevated pressure investigations.

The study involving atmospheric pyrolysis of ethylene and acetylene-doped ethylene involved a sim-

pler micro-flow straight tube reactor. Online sampling of soot was accomplished using nano-Scanning

Mobility Particle Sizer (n-SMPS). The SMPS consisted of a Classifier (model 3080), nano-Differential

Mobility Analyzer (n-DMA model 3085) and a nano-Condensation Particle Counter (n-CPC model

3788). The SMPS was set to dual-blower mode, with the sheath flow rate of 6 SLPM and the

inlet sample flow rate of 1.5 SLPM for best resolution. The probe sampling technique was the

same for both studies. The general experimental setup maybe divided into three main systems -

the gas feeding system, quartz reactor, and finally the sampling probe and particle size distribution

measurement device. Figure 3.1 depicts the general setup for both experiments. The elevated pres-

sure MFTR has an additional orficie of size 231 µm at the reactor exit for achieving choked flow

conditions.

3.1 Atmospheric Pressure Reactor

The atmospheric pyrolysis reactions were conducted in a quartz tubular reactor of 4 mm inside di-

ameter and 60.96 cm in length. It was placed in an electrically heated oven, consisting of 6 modular

heaters, each of which was of 4 inches long. The reactor was maintained at the target temperature

using six Omega PID controllers connected to K-type thermocouples placed adjacent to the outside

wall of the tube. With this design, reaction residence times maybe varied by changing total feed

gas flow rates, or by changing the length of reactor hot section. The pyrolysis experiments were

performed for 4% (by volume) ethylene and acetylene fuel mix, diluted by 96% inert nitrogen gas.

Ethylene and acetylene flow rates were in the ratio of 6:1, that is, acetylene formed 14% of the fuel

mixture. This ratio was determined based on calculation of dodecane pyrolysis. Dodecane was cho-

sen as a representative of large hydrocarbons that are present in jet fuels. The value of 4% fuel mix

(by volume) was selected with the intention of producing a substantial amount of soot that allows

appreciable detection by the SMPS. High dilution (96 volume % inert N2) of feed gas is employed
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Figure 3.1: Schematic of experiment set-up for micro-flow atmospheric tube reactor (MFTR)

to suppress self-sustaining combustion. Residence time was changed by controlling the reactant flow

rate.

The gas feeding system consists of three Sierra mass flow controllers for controlling the flow of

acetylene, ethylene and diluent nitrogen. The reactant gases were mixed prior to being fed into the

quartz reactor. A flame arrestor was connected upstream of the reactor feed for safety purposes. A

pressure gauge was also connected upstream of the reactor entrance to monitor reaction pressure so

as to avoid accidental pressure buildup. The flow conditions for the experiments correspond to low

Reynolds number (<< 2000), hence the reactions occur in laminar flow regime. However, reaction

process characteristics like residence times were estimated using plug flow assumption. A more de-

tailed discussion about the plug flow assumption is done in section 3.6.

The sampling probe was placed horizontally at the exit plane of the reactor, taking care to carefully

align the orifice with the reactor outlet. The sampling probe and associated technique is described

in detail section 3.3.
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3.2 Elevated Pressure Reactor

The micro-flow tube reactor used for elevated pressure experiments is a straight quartz tube with

a converging nozzle (231 µm orifice) at the tube exit. The inner diameter of the straight section of

this tube is 4 mm and the total reactor length (heated section) is 18 in. The orifice allows choked

flow operation, and in doing so the reactor can be back-pressured to any desired value. This simple

design facilitates reactions conditions of constant high pressure at relatively lower temperatures. As

long as the upstream pressure is above the critical pressure required for attaining choked conditions

at the orifice, a set maximum mass flow through the reactor is achieved, which depends on the

diameter of the converging section. Consequently, the residence time for a particular reactor ar-

rangement is fixed for a given operating temperature. Either changing the nozzle diameter can vary

the reaction residence time, or the reactor length may vary the residence times. Upstream pressure

can be adjusted by varying the feed gas cold velocity. All cases involving elevated pressure were run

for 2% ethylene (fuel) pyrolysis in 98% inert carrier nitrogen bath.

The reactor was electrically heated using 5 modular heaters, and Omega PID controllers connected

to K-type thermometers were used to maintain the reactor at the target temperature. The gas

feeding system set up was similar to the atmospheric reactor. A pressure gauge connected upstream

of the reactor entrance was used to monitor the process pressure. The flow conditions for the high

pressure experiments lie in the laminar flow regime, however, for simplicity, plug flow assumption is

used to model reaction parameters like residence times. The sampling system arrangement was the

same as for the atmospheric experimental conditions.

3.3 Sampling Probe Design and Dilution

The sampling probe used in all the current experiments was developed and validated in a previous

study by our group [6]. This sampling probe and the associated sampling technique was based on the

design developed by Zhao and coworkers [38]. They used a cylindrical stainless steel tube (similar to

the original design of Kasper et al [85]) horizontally placed in the flame for online sampling of flame

gases through a micrometer-sized orifice. The flame gas enters the probe due to negative pressure

across the orifice, and is diluted by cold nitrogen flow immediately on entering. Subsequent studies

have validated and improved the accuracy of this sampling procedure.

The probe used in our study was a stainless steel cylindrical tube with OD 3/8 in, 0.65 mm thickness

and a length of 30 cm. It was installed horizontally at the exit plane of the tube reactor. In order to

facilitate drilling of orifice, a small rectangular groove was milled in the center of the tube of depth

0.5mm. The diameter of the orifice was 0.25 mm and the thickness of the wall surrounding it was

0.15 mm.

The dilution system comprised of diluent N2 supply, a mass ejector system and 2 differential pressure

gauges (0−250 Pa), placed upstream and downstream of the orifice, for maintaining precise control

over suction pressure across the orifice. The small suction pressure across the orifice drove the flow
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of soot laden product gas into the probe. On entering the probe, the gases were rapidly diluted

and cooled down by the carrier nitrogen gas. Rapid dilution of soot sample is crucial to reduce soot

particle losses by diffusion and coagulation. Additionally, rapid cooling down of the hot gas quenches

chemical reaction, and hence prevents further growth/consumption of soot particles. The flow rates

of the nitrogen gas (10 SLPM to 30 SLPM), along with the negative differential pressure (25 to

200 Pa) across the orifice were varied to obtain a range of dilutions. A copper cooling block was

inserted downstream of the orifice to further cool the soot sample. Downstream of cooling block,

the incoming sample flow was split into two parts with a small portion of 1.5 SLPM being fed to

the SMPS using silicone conductive tubes, while the remaining bulk flow was exhausted through a

pump connected downstream of the SMPS. The temperature of the sample gases at SMPS inlet was

always measured to be in the range of 303K - 306K.

The probe placement and proper orifice alignment is crucial for successful soot sampling. Due to

the small size of the orifice, exact orifice alignment with the reactor exit becomes difficult. In order

to verify the proper positioning of the orifice before starting any experiment, nitrogen in passed

through the reactor and sampled through the orifice. If the orifice is not aligned correctly, ambient

air enters the probe (through the orifice) instead of nitrogen that is flowing through the reactor.

Figure 3.2 shows the particle size distributions of air and nitrogen.

The horizontal placement of the sampling probe causes the flow ahead of it to become a stagnation

Figure 3.2: Comparison of Particle Size Distribution of Ambient Air and Pure Nitrogen

flow. A direct advantage of this stagnation flow is the additional drop in temperature, which mini-

mizes thermophoretic wall losses of the soot particles in the orifice [37]. Furthermore, a fundamental

difference in our probe design compared to the design of Zhao et al is the thickness of the wall
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surrounding the orifice. The aspect ratio for our probe orifice was 0.6 (< 1), while the aspect ratio

reported by Zhao et al was 4.7 [68]. The lower aspect ratio in our study is desirable to minimize

the time for soot particles to traverse the orifice thus causing negligible diffusive losses in the orifice

wall.

3.4 Scanning Mobility Particle Sizer

Scanning Mobility Particle Sizer is a high resolution sizing device. This study uses the nano-SMPS

for online sampling of soot particles obtained from varied experimental conditions. The current

SMPS consists of TSI 3080 Electrostatic Classifier and nano-Differential Mobility Analyzer, and a

TSI 3080 nano-Water based Condensation Particle Counter. The soot aerosol particles first pass

through an inertial impactor into the electrostatic classifier and finally to the nano-WCPC. The

SMPS was set to allow an inlet sample flow rate of 1.5 LPM and sheath flow rate of 6 LPM in

a dual blower mode to reduce diffusive particle losses by reducing transport time. Under these

settings, the n-WCPC had lower size limit of 3 nm. A typical particle size spectrum was obtained

over a 120 sec up-scan and a 15 s down-scan.

D50 =

√
9πStµ

4ρsCQ
(3.1)

3.4.1 Impactor

Figure 3.3: Cross-Sectional view of Inertial Impactor [2]

C = 1 +Kn[α+ β exp (−γ/Kn)] (3.2)

The aerosol sample is fed to the nano-SMPS through an inertial impactor. As the sample enters the

impactor, it is accelerated through a nozzle towards a flat impaction plate. At the impaction plate,

the incoming flow is deflected that forms 90 degree bend in the flow streamlines. Larger particles
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(with more inertia) fail to follow the new streamlines, and deposit on the impactor. The aerodynamic

particle size at which such impaction occurs is termed as the cut-point diameter [86], and is given

by equation 3.1. In the equation D50 is the cut-point diameter (50% efficiency considered), St is

the Stokes number (0.23), ρs is the particle density (g/cm3), Q (cm3/s) is the volumetric flow rate,

Dp is the particle diameter (cm), µ is the gas viscosity (dynes/cm3), W is the nozzle diameter (cm)

and C is the Cunningham Slip Correction factor [87], as given in equation 3.2. Here, α = 1.142, β

= 0.558, γ = 0.999, Kn is the Knudsen number: Kn = 2λ/Dp. Figure 3.3 shows a cross-sectional

view of Inertial Impactor [2].Clearly, the cut-point diameter is a function of nozzle diameter and

impactor flow. Hence the impactor serves as a separator to remove larger particles from the sample

flow entering the classifier.

3.4.2 Electrostatic classifier

Z =
neC

3πµDmobility
p

(3.3)

After passing through the impactor, the polydisperse soot aerosol enters the classifier. The first part

Figure 3.4: Flow schematic for the TSI 3080 Electrostatic Classifier with nano-DMA in dual- blower
mode [3]

of the electrostatic classifier is a Kr85 Bipolar Charger (neutralizer). Here, the sample is subjected

to a high concentration of bipolar ions generated by the radioactive bipolar charger. The aerosol

particles frequently collide with these ions due to their random thermal motion. Consequently,

the particles reach an equilibrium charged state with a known bipolar charge distribution. Next,

the charged aerosol passes into the differential mobility analyzer. The nano DMA consists of two

concentric metal cylinders, with the inner cylinder maintained at a controlled negative voltage, and
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the outer cylinder is grounded. This establishes an electric field between the two cylinders. The

charged polydisperse sample along with sheath air enters at the top, and flows down the annular

space between the cylinders in a way such that the laminar aerosol flow surrounds the inner core

of sheath air without any mixing. Positively charged particles in the sample aerosol are attracted

through the sheath air to the negatively charged inner cylinder. The extent of acceleration of these

charged particles depends on the amount of charge (which governs the amount of electric force),

and the particle size (which controls the viscous forces). The particles precipitate at distinct axial

positions along the length of the inner cylinder depending on the electrical mobility (Zp), classifier

geometry and classifier flow rate. The exact relationship is given in equation 3.3, where n is the

number of elementary charges on the particle, e is the elementary charge (1.6 x 10−19Coulomb)

and Dmobility
p is the diameter (cm) of the particle measured by the SMPS [88]. Particles with high

electrical mobility precipitate out near the top portion of the inner cylinder, whereas those with

lower mobility diameter collect at the bottom. Only particles within a narrow range of mobility

diameter exit with the sheath flow at the bottom of the annular region through a small slit. Due to

the narrow size range of the particles allowed to pass the DMA, the exiting sample is often referred

to as monodisperse [89]. These particles (within a certain range of mobility diameter) are then

transferred to the condensation particle counter, while the remaining particles are removed with

excess air flow.

3.4.3 Nano-Water Bases Condensation Particle Counter
P

Ps
= exp (

4γM

ρcRTdKelvin
) (3.4)

The aerosol exiting the DMA enters a nano-water based condensation particle counter that mea-

sures particle concentration. The working principle of CPC is motivated by the idea that growth of

particles through heterogeneous condensation can be utilized for convenient detection of very small

that are otherwise undetectable by conventional optical techniques. In the CPC, the aerosol particles

are first saturated with water vapor, then the mixture is cooled causing the vapor to become super-

saturated and condense onto particles, that leads to their ultimate growth. These larger particles are

now capable of scattering sufficient light, and hence, can be detected by laser diode optical sensor.

The smallest size detected by the CPC is controlled by the saturation ratio of the condensing vapor.

This parameter is defined as the ratio of the actual partial pressure Ps and the saturation pressure

Ps at a given temperature. In equation 3.4, γ is the surface tension, M is the molecular weight, ρ is

the density of the liquid, and dKelvin is the Kelvin diameter [90]. Kelvin diameter is the diameter

of a droplet that neither grows nor evaporates at the saturation ratio. The nano-WCPC consists

of a conditioner, a growth tube, and an optical detector (Figure 3.5). The conditioner is a cool

region saturated with water vapor. Here, the aerosol sample is cooled with a thermo-electric device.

The cooled sample then reaches the growth tube, which is a heated section with wetted walls. In

this section, the small cool particles serve as nuclei for condensation and subsequent growth. After

growing to an optically detectable size, these particles pass through a laser light beam, and scatter

light onto a photo detector, that allows their subsequent counting. The n-WCPC counts single

particles with continuous, live-time coincidence correction up to 400, 000 particles/cm3.
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Figure 3.5: Flow schematic for the nano-CPC [4]

3.4.4 Mobility Diameter

Figure 3.6: Relationship between Mobility Diameter and True Particle Diameter [5]
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Z =
3

2

√
kT

2πmr

pne

D2
pω

(1,1)
avg

(3.5)

Mobility diameter as measured by the SMPS is based on the electrical mobility of the particles.

When a charged particle moving through a fluid is subjected to an electric field, it quickly reaches

a terminal velocity to counterbalancing of viscous forces by the electric forces [91]. Electrical mo-

bility diameter can be obtained by equating drag force to electrical force. Li et al [92, 5] showed

that for nano-sized particles, mobility diameter differs from true particle diameter. Using Knudsen

number for an ideal gas, equation 3.5 [92] was derived to model particle mobility as a function of

its diameter. Here, k is the Boltzmann constant, T is the temperature, mr is the reduced mass, Dp

is the proposed true diameter, p is the pressure, and ω
(1,1)
avg is the average reduced collision integral.

Using these two equations, true diameter can be obtained from the mobility diameter information.

Figure 3.6 shows the relationship between both these diameters. All mobility diameters obtained

from the SMPS were corrected using this fit.

3.5 Calibration of Orifice Flow Rate

Figure 3.7: Experimental Flow rate through orifice versus differential pressure across orifice for 250
µ m orifice [6]

Q0 = A(c1
∆P

T 0.8
+ c2T

0.5∆P 0.5) (3.6)

On entering the sampling probe under the effect of suction pressure, the hot soot laden gases are
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Figure 3.8: Variation of entrance length of flow through orifice as a function of pressure across orifice
[6]

immediately diluted by cold carrier nitrogen gas flow. The nitrogen gas flow ranges from 10 - 30

SLPM . As mentioned before, dilution is crucial for mitigating particle losses due to coagulation and

diffusion. Hence an estimation of dilution ratio is necessary to obtain the final absolute soot number

densities. Dilution ratio is defined as the ratio of volumetric flow rates of main nitrogen flow through

the probe and the hot gas coming in through the orifice. The procedure for calibrating flow rate

through the orifice involved plugging one end of the probe and connecting its other end to a pump

through a flow meter in purge mode. Initially, two identical pressure transducers were connected

upstream and downstream of the orifice (equidistant from the orifice) to measure the flow rates of

atmospheric air as a function of pressure across the orifice. However, it was noted that both pressure

gauges gave similar suction pressure (within experimental error range), hence subsequent calibrations

(at different temperatures) were conducted using only one pressure transducer connected upstream

of the orifice. The observed flow rates were reported in a previous study [6], and are presented here.

It was shown in the same study that the flow through the orifice is still developing. Figure 3.7 shows

the calculated variation of entrance length of incoming flow as a function of suction pressure at 298

K This is due to the small aspect ratio of the orifice (250 micron diameter and 150 micron orifice

length), resulting in entrance length greater than the orifice thickness. The flow rate was found to

be a function of only temperature and differential pressure across orifice, as given by equation 3.6

[6]. Here, c1 and c2 are the calibration constants found to be 0.8 and 0.054 for the orifice diameter

of 250 µm and A is the cross sectional area of orifice [6].
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3.6 Plug Flow Assumption

The flow rates for both sets of studies are very small, hence laminar flow exists under these conditions.

Laminar flow is associated with Poiseuille velocity distribution, which may result in residence time

distributions as a result of the parabolic velocity profile [93]. However, for simplified reaction kinetic

analysis, a plug flow approximation is used. Under plug flow assumption, the mean flow velocity

(of the parabolic velocity profile) allows the inter-conversion of axial coordinate to residence times.

Plug flow assumption may be verified by an analysis of axial and radial diffusive tendencies (at

target reaction temperatures) [94, 22]. The reactor design assures minimal axial dispersion in the

fully developed laminar flow regime. In the present design, convective species transport is much

greater than diffusive species transport along the reactor axis. Axial dispersion number is defined

as the ratio of diffusive transport rate and convective transport rate (inverse of Peclet Number)

[95]. The axial dispersion number for all our experimental cases ranged from 10−3 to 10−4 (<< 1).

Radial homogeneity requires diffusive time scales to be shorter than chemical reaction time scales

[96]. Diffusive time scale was estimated to be around 80 ms, whereas the reaction times range from

215 − 315 ms. The above analysis shows that plug flow assumption is fairly valid for atmospheric

cases. However, it is important to point out that under high-pressure conditions, radial diffusive

time scales become comparable to the reaction time scales, which may cause radial inhomogeneity.

Under this condition, plug flow assumption may be an oversimplification.

3.7 Heat Transfer and Temperature Ramp-Up Section

The reactors for both set of studies had identical straight tube section, except for the converging

nozzle at the end of high-pressure reactor. On entering the reactor, premixed carrier gas/fuel is

heated in a temperature ramp up section. It was shown in earlier studies (both high pressure and

atmospheric MFTR) that temperature measurements outside and inside the tube under flowing con-

ditions differed by less than 5K (in the constant temperature region), with endothermic pyrolysis

cases showing a slight drop in temperature while exothermic oxidation cases showing slight increase

[6, 97]. Information of the temperature ramp up section is crucial for an accurate estimation of the

reaction residence times.

To this end, a numerical 1-D heat transfer analysis was performed to estimate the temperature ramp

up section length. The one dimensional heat transfer code was based on Newtons law of cooling

for convective heat transfer from the reactor wall to the reactant gas. The flow is assumed to be

developed in both the fluid dynamic sense and thermal sense. The thermally developed assumption

was verified by calculating thermal length for both high pressure and atmospheric pressure cases.

The entrance length was found to be at most 0.5 cm for all cases, whereas the ramp up section is 10

cm for atmospheric pressure experiments and 15 cm for high-pressure experiments. The entrance

length is insignificant compared to the relevant flow domain length, which validates the thermally

developed argument. The overall heat transfer coefficient was calculated based on fluid thermal

properties and Nusselt number. Due to the thermally developed assumption, Nusselt number value

of 3.66 was used for flow with uniform wall temperature [98].
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(a) Calculated Temperature Profile under Nitrogen Flow for Atmospheric Pressure Experiments
at 1230K

(b) Calculated Temperature Profile under Nitrogen Flow for High Pressure Experiments at 2 atm
and 1200K

Figure 3.9: Numerical Solution of Temperature Profile under Nitrogen Flow

Figure 3.9 shows the numerically solved temperature profiles for both experimental conditions. The

first figure shows the temperature profiles for nitrogen flow at 1230K with feed velocity of 30 cm/s

and 55 cm/s, which corresponds to the range of feed gas velocities in this study. It can be seen from

both the temperature profiles that the ramp up section is around 10 cm (approximately 4 in) for

all the cases. The second figure shows the calculated temperature profile for nitrogen flow at 1200K

and 2 atm pressure. The temperature ramp up section in this case is around 15 cm (approximately
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6 in). Reaction is assumed to begin at 1000K because several studies have shown the formation of

hydrogen and other soot precursors from ethylene pyrolysis for temperatures around 1000K [99, 100].

The calculated residence time accounts for the time spent by reactants in the portion of temperature

ramp-up section corresponding to 1000K - 1200K.
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Chapter 4

Results

4.1 Dilution Effects

Dilution ratio is defined as the ratio of flow rates of main nitrogen flow through the probe and the

sample flow through the orifice. The orifice flow rates were determined in a previous study, which

were used to calculate the exact dilution ratios (fD) as in equation 4.1 [6]. Here, Tr is the ratio of

Figure 4.1: Range of Dilution-Ratios for Diluent N2 flow rates

inlet gas temperature and the carrier gas (N2) temperature (298K). The inlet gas temperature was

measured for different operating reaction temperature cases. For an isothermal reaction temperature

of 1200K, the temperature of the sample soot laden gases entering the probe was measured to be

approximately 886K. For 1210K, 1220K and 1230K, the sample soot laden gas temperatures were

measured to be approximately 894K, 901K and 907K respectively. Qc is the flow rate of cold
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nitrogen at STP and Q0 is the flow rate of flame gases calculated at the inlet temperature [80].

Absolute number density of the soot is related to the number density reported by SMPS as in

equation 4.2 [6]. where Na is the absolute number density of soot in the hot gas, and N is the

number density as reported by SMPS. fw is the multiplicative factor to account for diffusive losses,

and is taken to be 1 [6] in this study.

fD =
Qc

Q0
Tr (4.1)

Na =
fD
fw
N (4.2)

As discussed previously, online sampling by SMPS is not trivial. Sampling issues like particle coag-

ulation and diffusive losses are undesirable as these may change the particle morphology and size.

Immediate dilution of the hot soot laden gas by a cold inert gas flow in the sampling probe is a widely

used and validated technique to minimize particle losses by coagulation and diffusion [68, 101, 39].

Cold N2 gas at high flow rate enables instantaneous quenching of particle growth kinetics, while also

minimizing the thermophoretic deposition of soot in the sampling line. Furthermore, it curbs diffu-

sive losses by ensuring that convective time scales are much smaller than diffusive time scales (due to

high flow rate of N2). It was pointed out in section 3.3 that diffusional losses in the sampling orifice

is minimal due to its small aspect ratio, and the fact that sample transverse time through the orifice

is much smaller than the diffusive times in the orifice wall. The standard technique for obtaining

an adequate dilution for each experimental case involves systematic increase in dilution ratio to a

critical value after which there is no observable dependence of particles size distribution function on

dilution. This method was followed for all sets of experiments. The critical dilution ratio was found

to be in the range of 1.2 x 103 to 2.2 x 103 for soot studies involving elevated pressure, correspond-

ing to nitrogen flow rates of 15 SLPM to 30 SLPM . The critical dilution ratio for atmospheric

reactions involving fuel mix varied from 0.85 x 103 to 1.9 x 103 (varies depending on the residence

times and reaction temperatures), corresponding to nitrogen flow rates in the range of 10 SLPM

to 22 SLPM . Figure 4.1 shows the N2 flow rates used in this study, and the corresponding dilution

range. Although, these dilution ratios are smaller compared to those reported in flame studies, other

studies have shown that this value can range from 103 to 104 depending on the combustion system

[68]. The smaller dilution ratios used in our study may be attributed to relatively smaller amount

of soot generated in the MFTR as a result of short residence times (215 - 315 ms).

Figure 4.2a presents the variation of absolute soot particle size distributions as a function of dilution

ratios for 2% ethylene pyrolysis at 1200 K, 2.7 atm pressure. Figure 4.2b shows the effect of dilution

ratio on soot particle size distribution for reaction condition corresponding to acetylene - doped

ethylene pyrolysis (total fuel mix forms 4% of reactant mixture) at 1220K, 1atm pressure. In

Figure 4.2a, for the smallest dilution ratio (DR), the particle size distribution clearly corresponds to

coagulation mode, as is evident from its shift towards larger diameters, and a much smaller number

density relative to the PSDs corresponding to higher DR. As the dilution ratio is increased from

1075 to 2067, the size distribution for the same reaction condition shows an increase in the small

diameter particles. Further increasing the DR beyond a critical point does not modify the PSDs.
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(a) Dilution Effect for elevated pressure experiments

(b) Dilution Effect for atmospheric experiments.

Figure 4.2: Effect of Dilution

In fact, it can be seen that the PSDs corresponding to DR of 1151 and 2067 nearly superimpose.

The mean diameter is 13.11 nm for the lowest dilution ratio, while for the higher dilution ratio, the

mean particle diameter reduces to 10.5 nm. Clearly, increasing the dilution ratio any further does

not improve the quality of PSD. A similar trend is observed in Figure 4.2b. The PSD for the lowest

dilution (DR = 665) is shifted towards the right and has a much smaller number density as compared

to the other two PSDs, suggesting particle coagulation. In this case, the lowest dilution ratio of 665

corresponds to a mean particle diameter of 8.30 nm. Further increasing the dilution ratio from 1078

to 1701 shows an increase in smaller particles, as well as a drop in the mean diameter, from 8.09

nm to 7.85 nm
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4.2 Elevaed Pressure Experiments

Table 4.1: Elevated Pressure Experimental Conditions

Isothermal Temperature 1200 K
Reactant Composition 2% Ethylene, 98% Nitrogen
Residence Time 240 ms
Reaction Pressure Varied

The conditions for elevated pressure experiments are given in Table 4.1. As mentioned before, the

upstream pressure was varied by varying the cold gas velocity. The pressure conditions tested in this

study range from 2.5 atm to 2.8 atm. Figure 4.3 compares the absolute soot particle size distribution

and soot volume fractions at different pressure conditions. The soot particle size distributions are

unimodal for these experimental conditions, as compared to the bimodal PSDs obtained from burner

stabilized flames. This is in agreement with other soot studies using laminar flow reactors [6].The

figure (Figure 4.3) illustrates that as the operating pressure increases, both soot number densities

and volume fractions progressively increase. The mean particle diameter (Dp) increases from 8.47

nm to 11.7 nm as the reaction pressure is increased from 2.5 atm to 2.8 atm. Hence, the mean

particle diameter of soot scales with pressure by a power law relationship, pn, where n was calculated

to be 2.79 by a log-log fit. The variation in soot properties with pressure is summarized in Table 4.2.

Table 4.2: Soot Properties

Pressure
(atm)

Mean Particle
Diameter (nm)

Total Number
Density (#/cc)

Total Volume
Fraction

2.5 8.47 8.77E+06 5.22E-06
2.6 9.65 9.27E+07 7.28E-05
2.7 10.53 2.82E+08 2.61E-04
2.8 11.7 8.69E+08 9.03E-04

The increase in soot number density with operating pressure is indicative of the fact that increased

reaction pressure (in this pressure range) accelerates soot nucleation rates leading to the formation

of more soot precursors. A similar trend is observed in the soot volume fractions. However, total

soot volume fractions appear to increase by the same order of magnitude as soot number densities.

This suggests that the observed increase in soot volume fraction is a consequence of the increased

soot number density. Moreover, the soot particle size increases, as is evident from the mean particle

diameter. This phenomena is intuitive as an increase in the number of newly nucleated soot parti-

cles directly affects soot growth processes, and hence the particle size. A closer look at Figure 4.3

reveals that the particle size distribution corresponding to pressure 2.8 atm has a characteristic tail

towards larger particle diameter. The sudden drop in number density towards larger particles clearly

demonstrates that coagulation becomes prominent as pressure increases. The observed increase in

soot number density is a direct indication of the formation of more soot nuclei as a result of the

increase in apparent density of soot precursors due to elevated pressures.

27



(a) Absolute Number Density.

(b) Absolute Volume Fraction.

Figure 4.3: Comparison of Absolute Soot Particle Size Distribution and Soot Volume Fraction
Distribution at Different Pressures
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The unimodality of the soot PSDs may be attributed to the laminar flow condition (poiseuille flow)

and the resulting parabolic velocity distribution [102] inside the reactor. However, it is important

to remember that bimodality arises due to the competition between soot inception and soot growth

processes [38]. Hence, the observed unimodality suggests that particle inception has completely

ceased, and the observed mode corresponds to soot growth processes.

4.3 Atmospheric Pressure Experiments

The experiments involving atmospheric reactor are conducted in two parts, the first part involves

pyrolysis experiments under different temperatures and residence times using acetylene-doped ethy-

lene (4% fuel mix) in 96% diluent Nitrogen. The ratio of ethylene to acetylene volume flow rates

(mole fractions) was kept constant at 6. The second part involves pyrolysis experiments of 4% pure

ethylene (baseline case) under experimental conditions similar to those of acetylene-doped ethylene

pyrolysis case. The soot particle size distributions obtained from both these sets of experiments

are then compared in order to identify the qualitative differences brought about by acetylene dop-

ing. Such comparison will potentially help us in gaining an understanding of the manner in which

acetylene affects soot formation process.

4.3.1 Pyrolysis of Fuel-Mix

Table 4.3: Experimental Cases & Properties of Soot obtained from C2H2-doped C2H4 Pyrolysis

Temperature (K) Residence Times (ms) Mean Diameter (nm)

1210
240 5.89
280 6.41
315 7.08

1220

215 5.92
240 6.56
280 7.4
315 7.85

1230
215 6.15
240 6.94
280 7.95

Table 4.3 summarizes the experimental cases tried in this study. As mentioned before, all ex-

periments were conducted at atmospheric pressure using small amount of acetylene-doped ethylene

(4% fuel mix; flow rate ratio of ethylene/acetylene is fixed at 6). As a side note, it can be seen from

Table 4.3 that the lowest residence time for 1210 K is higher than the ones tried for 1220K and

1230K, owing to the fact that any residence time lower than 240 ms does not produce detectable

amount of soot. Similarly, any residence time higher than the ones listed below for each temperature

case produces too much soot and smoking conditions. Hence, for safety considerations, experiments

at higher residence times were not attempted.
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The effect of residence times on soot particle size distribution for each temperature is shown in

Figure 4.4: Absolute Soot PSDs as a Function of Residence Times for C2H2 - doped C2H4 pyrolysis
at T = 1210K

Figure 4.5: Absolute Soot PSDs as a Function of Residence Times for C2H2 - doped C2H4 pyrolysis
at T = 1220K

Figure 4.4, Figure 4.5 and Figure 4.6 corresponding to 1210K, 1220K and 1230K respectively. Ev-

idently, for all three temperatures, longer residence times result in enhanced soot number densities

and mean particle diameters. It is readily observed that for temperatures 1220K and 1230K, the
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Figure 4.6: Absolute Soot PSDs as a Function of Residence Times for C2H2 - doped C2H4 pyrolysis
at T = 1230K

number densities increase by two orders of magnitude (from 105 to 107) over the entire range of

residence times tested. Although there is an increase in the overall soot number density at 1210K,

the change is not as pronounced. Additionally, all residence times at 1210K have characteristic nar-

row particle size distributions. In contrast to this, particle size distributions at 1220K and 1230K

become progressively wider (indicating larger soot particles) and steeper (indicating higher number

densities) with increasing residence times. The observed trend is in agreement with the expectation

that longer residence times allow nucleation of more soot particles. The residence time dependency

of nucleation strength is amplified at higher temperatures. This phenomenon is expected due to the

Arrhenius rate dependence of reaction pathways leading to the formation of soot precursors, and

inception of soot.

Besides soot number densities, mean particle diameter also undergoes a noticeable increase due to

variation in residence times. Mean diameters as a function of residence time at each temperature is

reported in Table 4.3. The observed increase in particle size could be a consequence of more incipient

soot. In order to clarify the importance of soot growth on the increase in soot size, ultimate soot

volume fraction was calculated for each case by integrating the differential volumes in each size bin

(as generated by the SMPS). The total soot volume fraction increased as a function of residence

time. Moreover, the variation in total soot volume fraction exceeded the variation in number densi-

ties. This point becomes apparent by comparing the soot volume fractions and number densities at

residence times of 240 ms and 280 ms for each temperature case. At 1220K, soot number density

increases from 9.8 x 106 to 7.2 x 107, while total volume fraction increases from 3.5 x 10−6 to 3.8 x

10−5. Similarly at 1230 K, number density changes from 2.07 x 107 to 1.38 x 108, whereas the vol-

ume fraction increases from 8.8 x 10−6 to 7.9 x 10−5. Hence, the amount of increase in soot volume
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fraction is 1.5 times greater than the amount of increase in soot number density. This suggests that

the larger size of soot particles at longer residence times is a result of the combined intensification

in soot nucleation and growth kinetics. However, this trend is not observed at 1210 K. At this

temperature, for the same residence time change, total volume fraction increases from 4.99 x 10−7

to 7.1 x 10−7, whereas the number density increases from 1.78 x 106 to 2.39 x 106. Hence, there

was nearly equivalent increase in total volume fraction and number density. This implies that soot

growth rates remain muted at this temperature.

Figure 4.7: Effect of Temperature on Soot PSD for C2H2 - doped C2H4 pyrolysis at 280ms Residence
Time

The above discussion indicates that temperature is a critical parameter in determining the qual-

itative behavior of soot PSD. Figure 4.7 delineates the effect of temperature on soot particle size

distribution at a residence time of 280ms. The figure reveals that a temperature rise from 1210K

to 1220K induces a substantial enhancement in the particle size distribution properties. The soot

PSD for 1220K has a significantly higher peak than the PSD at 1210K (number density increases

by 5.5 times). Additionally, the particle size distribution becomes wider, due to the appearance of

larger soot particles. This is further confirmed by an increase of almost 15% in the mean diame-

ter (in going from 1210K to 1220K). However, this effect weakens as temperature increases from

1220K − 1230K. In fact, the mean diameter changes by only 7.4%, and the number densities are

comparable. This suggests that at 1210K, nucleation and surface growth rates remain small. This

in turn explains the reduced sensitivity of soot properties to residence time variation (in the relevant

residence time range of (215ms−315ms). As soon as the temperature is raised to 1220K, nucleation

and surface growth rates become markedly pronounced. Further increasing the temperature does

not bring about drastic variation in their individual strengths. It can be seen that in the present
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temperature range, soot formation rates (as a function of temperature) reach a saturation point after

an initial boost. This hints at the plausible existence of a critical temperature (for the residence

times considered) below which residence time dependency of soot inception and growth processes

is not significant. Above this critical temperature, residence time dependency of soot particle size

distribution increases, becoming more prominent at higher temperatures. Moreover, above a critical

temperature, (here 1220K) soot formation processes (for a given residence time) have similar rates,

and temperature dependence is not as severe as the residence times.

4.3.2 Absolute Particle Size Distributions for Baseline Ethylene Pyrolysis

In order to recognize the effect of acetylene as a principal soot precursor and soot growth species, it

is requisite to compare pyrolysis cases of baseline ethylene with those reported above. The experi-

mental conditions for baseline ethylene pyrolysis are summarized in Table 4.4. All cases involve 4%

ethylene pyrolysis. From here on, baseline ethylene case will be referred to as case 2, and acetylene-

doped ethylene will be referred to as case 1.

Figure 4.8 and Figure 4.9 show the comparison of soot particle size distributions obtained from

baseline ethylene pyrolysis with that of acetylene doped ethylene pyrolysis. These figures clearly

demonstrate the effect of acetylene on soot formation pathways. The soot particle size distributions

for case 1 are considerably enhanced as compared to the soot PSDs for case 2, regardless of the

experimental conditions. Particularly, case 2 has much narrower PSDs for all conditions, with mean

diameters in the range of 5 − 6 nm, suggesting that the detected particles are newly nucleated soot.

Hence, soot surface growth seems inactive for baseline ethylene cases, whereas there is clear evidence

of active soot growth for case 1, as illustrated by the widening of soot PSDs. The higher soot number

densities and larger mean diameters (Table 4.5) indicate that acetylene strengthens soot nucleation

and soot growth. As shown in Table 4.5, both total soot volume fractions and number densities

increase significantly due to acetylene doping. However, soot volume fraction increase is greater

than soot number density increase (soot volume fraction increase is almost 2.3 times more than soot

number density increase). This shows that, besides soot inception, soot surface growth mechanisms

are also intensified as a consequence of acetylene doping.

Interestingly, a closer look at the variation in soot properties for both cases (as a function of temper-

ature and residence times) shows that soot number densities for case 1 are approximately 29 times

higher than case 2, while total volume fractions are around 65 times higher for case 1. The simi-

larity in these numbers irrespective of experimental conditions may be attributed to the increased

decomposition kinetics of ethylene itself, leading to substantial acetylene formation for both cases.

Table 4.4: Experimental Conditions for Pure 4% Ethylene Pyrolysis

Temperatures Residence Times

1220 K
280 ms
315 ms

1230 K 280 ms
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(a) T = 1220K and 280 ms

(b) T = 1220K and 315 ms

Figure 4.8: Comparison of Absolute PSD of Baseline C2H4 with Absolute PSD of C2H2 - doped
C2H4 (referred to as fuel mix) at T = 1220K
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Table 4.5: Comparison of Soot PSD Properties

Soot PSD properties 4% Fuel mix 4% Ethylene (Baseline Case)
Number Density (#/cc) 1.38 E+08 4.88 E+06
Volume Fraction (cc/cc) 7.9 E-05 1.25 E-06
Mean Diameter (nm) 7.95 6.07

(a) 1230K and 280ms

Soot PSD properties 4% Fuel mix 4% Ethylene (Baseline Case)
Number Density (#/cc) 7.20 E+07 2.37 E+06
Volume Fraction (cc/cc) 3.80 E-05 6.14 E-07
Mean Diameter (nm) 7.4 5.32

(b) 1220K and 280ms

Soot PSD properties 4% Fuel mix 4% Ethylene (Baseline Case)
Number Density (#/cc) 2.84 E+08 9.30 E+06
Volume Fraction (cc/cc) 1.97 E-04 2.90 E-06
Mean Diameter (nm) 7.85 5.77

(c) 1220K and 315ms

Hence, the sooting tendencies of baseline ethylene and acetylene-doped ethylene increase by nearly

the same amounts. In fact, the quantitative change in soot properties, as a function of temperature

and residence time is comparable for both the acetylene-doped ethylene cases and the baseline ethy-

lene case. This suggests that the impact of increasing temperature and residence times, as see in the

previous section, was because of its direct influence on deposition kinetics of ethylene in the fuel mix.

The above discussion demonstratively proves the importance of acetylene in both soot nucleation and

soot surface growth. Only a small amount of acetylene doping (14% of fuel mixture) has a profound

effect on soot particle size distributions. The HACA mechanism is well recognized as the dominant

soot growth pathway. The results reported in this study not only validate hypothesis that HACA

mechanism is the dominant soot growth pathway, they also show the role of acetylene as an important

soot precursor. It is essential to note the persistent unimodal nature of the particle size distributions

reported here. As mentioned before, this may be a manifestation of the parabolic velocity profile of

the reactants owing to laminar flow. Another possible explanation for the unimodality may be the

lack of competition between soot nucleation and soot coagulation.

4.4 Error Analysis

The present experimental methods of soot generation and measurement are associated with a few

sources of uncertainties. In this study, soot is generated in a laminar MFTR. Laminar flow is charac-

terized by parabolic velocity distribution. The residence time calculations are based on the average

velocity, which is a simplification because the parabolic velocity distribution results in a residence

time distribution. Existence of a residence time distribution causes different soot nucleation/growth

rates along the radial direction inside the reactor. Additional sources of uncertainties in the measure-

ment of experimental parameters are flow meters (1%), differential pressure gauge for monitoring
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Figure 4.9: Comparison of Absolute PSD of Baseline C2H4 with Absolute PSD of C2H2 - doped
C2H4(referred to as fuel mix) at T = 1230K and 280 ms

reaction pressure (0.25%) and thermocouples (0.75%). These uncertainties affect the accuracy of

experimental parameters like reaction temperature, residence times and reaction pressure. The flow

meter accuracy also affects the measured dilution ratio, which in turn affects the number densities.

Soot sampling itself is associated with uncertainties due to the very small size of the sampling orifice

with respect to the reactor diameter, which may result in loss of soot particles as they enter the

sampling probe. Hence it is difficult to verify if the soot sample (measured by the SMPS) is a true

representation of all the sizes formed inside the flow reactor. Besides this, other sources of uncer-

tainties with regards to soot size measurements include the fluctuations in the readings of pressure

gauge to measure the suction pressure across the orifice (0.04 in H2O), uncertainty in n-DMA ( 1%

for sizes of 60 nm and 100 nm [103]), uncertainty in n-CPC (varies from 100% for Dp of 2 nm to

almost 0% for Dp of 3 nm Figure 4.11, [7]). In the present experimental cases, mobility Dp of soot

particles was always greater than 3 nm.

The major uncertainty in the measured soot number density arises from flow-meters and pressure

gauge as these readings are used to calculate the dilution ratio. Three sets of data for each case

(high pressure ethylene pyrolysis and atmospheric pressure acetylene-doped ethylene pyrolysis) were

used to calculate standard deviation from the mean values of number density at each particle size

to estimate the repeatability uncertainty. Figure 4.10 presents the soot particle size distributions

with uncertainty bars for both high pressure cases and atmospheric pressure case. The uncertainty

for high pressure ethylene pyrolysis (2.7 atm , 1200 K) (Figure 4.10b) case is relatively higher than

that for atmospheric pyrolysis of acetylene doped ethylene (1230 K and 280 ms) (Figure 4.10a).

This is because soot sampling at high pressure reaction conditions are done at relatively low suction

pressure across the probe orifice, which results in high uncertainty in the pressure gauge readings
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(a) Absolute Soot PSD for Atmospheric Pressure Pyrolysis of C2H2 doped C2H4 at T = 1230K and 280 ms

(b) Absolute Soot PSD for High Pressure Ethylene Pyrolysis: At 2.7 atm, T = 1200K and 240 ms

Figure 4.10: Soot Particle Size Distribution with Error Bars

due to large fluctuations.
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Figure 4.11: CPC counting efficiency curve [7]

4.5 Summary

This study was comprised of two major parts. The first part attempted to identify the effect of ele-

vated pressures on sooting tendency of ethylene under pyrolytic conditions at 1200 K. Although the

pressure range considered was small, yet, this study succeeded in providing important insight into

the trend of soot formation under elevated conditions. As expected, soot inception increased due to

ethylene pyrolysis at high pressure. The increase in the number of newly nucleated soot particles

caused an increase in soot mean diameter. A comparison of the soot number densities and volume

fractions suggested that soot growth processes were not greatly impacted by change in pressure.

The second part of this study was aimed at identifying the importance of acetylene in soot formation

processes, and validating the relevance of HACA mechanism in soot growth [63]. Soot formation

during the pyrolysis of acetylene (14% of total fuel mix) doped ethylene was monitored by tracking

the evolution of particle size distribution under different temperatures and residence times. The

results showed that doping ethylene with small amount of acetylene had a significant impact on soot

nucleation and soot surface growth processes, as confirmed by the comparison of soot number den-

sities and total volume fraction for acetylene-doped ethylene pyrolysis cases with baseline ethylene

pyrolysis cases. It was clearly demonstrated that acetylene is an important soot precursor. Addi-

tionally, the results confirmed that HACA mechanism is indeed a dominant soot growth pathway.

The results also showed that increasing the residence times increased soot formation processes (both

nucleation & surface growth), and the residence time dependency became more prominent at higher

temperatures.

An important characteristic of soot obtained from fuel combustion in flow reactors is the unimodal

nature of the particle size distribution. This was reported in a previous study [6], and was the

observed trend in this study as well. As discussed before, this may be a direct consequence of
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the parabolic velocity profile inside the reactor causing residence time distribution. However, the

unimodal size distribution could be due to lack of competition between soot nucleation and growth

processes, which is the underlying reason for the bimodal nature of soot PSDs obtained from burner

stabilized flames.
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Chapter 5

Conclusion

In this study, microflow tube reactors were used for fuel pyrolysis and soot generation. Soot so

produced was sampled using a previously established and validated sampling technique [6], and the

soot particle size distribution was subsequently measured in a high resolution SMPS. The study was

conducted in two parts.

The first part of this study involved pyrolysis of 2% ethylene (in 98% N2 bath) at 1200K and 240ms

residence time, over a varied range of reaction pressures (2.5atm - 2.8atm). For this purpose, a

micro-flow straight tubular reactor with an orifice at the reactor end was used. These experiments

were successful in providing valuable insight about the effect of pressure on soot formation processes.

Increase in pressure from 2.5atm to 2.8atm resulted in an increase in soot number densities by a

factor of 100, while the mean particle diameter increased from 8.47nm to 11.7nm. Soot nucleation

kinetics was found to be very sensitive to small variations in pressure. The increase in soot particle

size was attributed to the large number of newly nucleated soot particles.

The second part of this study investigated soot particle size distributions during the pyrolysis of

acetylene-doped ethylene (4% fuel mix, 96% diluent N2) in a microflow straight tube reactor for

varied residence times (215ms - 315ms) over a range of temperatures (1210K - 1230K). The soot

PSDs for 1220K and 1230K were compared with those of baseline ethylene (4% ethylene, 96% diluent

N2) pyrolysis cases. The soot number densities increased by an order of magnitude for acetylene-

doped ethylene pyrolysis case, while the soot mean diameter increased approximately by a factor

of 1.35 (for 280ms residence time). For both baseline ethylene pyrolysis case, and acetylene-doped

ethylene pyrolysis case, residence time dependency of soot formation was revealed as well. The

principal contribution of this set of experiments was to demonstratively validate the importance of

acetylene in soot inception, and the role of HACA mechanism as a dominant soot growth pathway.

5.1 Future Work

Soot formation is a complex process with several steps that still lack complete understanding. Ad-

ditionally, soot formation is dependent on several parameters. This study involved testing the effect
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of some of these parameters (temperature, pressure and residence time) and also examined the rel-

evance of the theory that acetylene plays a crucial role as a soot precursor and soot growth species.

However, there remains a need for more complete analysis of the above aspects of soot formation.

Hence, going forward, the following investigations will be undertaken-

1. Repeat the experiments reported in this study in a novel microflow tubular reactor [6] with

preheat helical section for heating diluent N2 flow and sidearms (after the helical section) to

introduce fuel. This design allows efficient heat transfer, assures well defined isothermal section

and hence allows a more accurate calculation of residence time.

2. Experimental analysis of soot formation over a wider range of elevated pressure to gain fuller

understanding about the soot inception/growth dynamics and its dependence on pressure.

3. Experimental investigation of soot properties formed at elevated pressure in turbulent flames

using Laser induced incandescence as the diagnostic tool.

4. Chemical characterization of heavier polyaromatic hydrocarbons (PAHs) during early stages

of soot formation in order to test the suggested importance of pyrene as the first building block

of soot.

5. Although acetylene is acknowledged widely as the key species contributing to soot surface

growth via the HACA mechanism, stable PAHs have received considerable attention as proba-

ble species causing soot growth by surface reaction (through radical sites on soot surface) [12].

Hence, it is important to test this hypothesis in a similar manner as the experimental tests

employed in this study for validating the importance of acetylene.
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